This paper reports the first concentrations of platinum-group minerals (PGM) and platinum-group elements (PGE), of tens of parts per billion, to be described from the lower oceanic crust exposed in Hess Deep, if not the first concentrations reported from modern-day unsubducted lower oceanic crust. The results indicate that detectable PGE concentrations occur in fastspreading oceanic crust. The PGE-bearing melt extracted from the mantle provides the potential for PGE to be concentrated in lower oceanic crustal ultramafic rocks, and this study has identified such concentrations in the magmatic plutonic lithologies from Hess Deep. However, PGE concentrations calculated in 100% of sulfide reveal that sulfides in the residual mantle harzburgite at Hess Deep are enriched in PGE relative to lower crustal dunite. Therefore, the harzburgites retain some PGE and remain fertile for the extraction of more PGE during subduction.
INTRODUCTION
Ocean Drilling Program (ODP) Leg 147 drilled six short holes into transition zone mafic and ultramafic lithologies exposed in the Hess Deep fracture zone at 2°N, 101°W. Cores from Holes 895C, 895D, and 895E contain sequences of dunite, harzburgite, troctolite, and gabbro and are some of the first sections of deep-level oceanic crust to be recovered from the Pacific Ocean. These samples provide a unique opportunity to examine the concentrations of platinumgroup elements (PGE) in unsubducted lower oceanic crust formed at a fast-spreading ridge. High-level gabbro from Site 894was also sampled for PGE analysis. The aim of this research was to (1) identify PGE concentrations in the different lithologies within the drill cores, (2) locate platinum-group minerals (PGM), and so (3) examine the processes of extraction of PGE from the mantle and the elements' reconcentration in the oceanic crust. Also, access to this Hess Deep core permits a comparison of PGE concentrations in the very young unsubducted oceanic crust, formed by fast spreading, with ancient oceanic crust exposed in ophiolite complexes. maximum PGE concentrations within the cores whereas data set 2 (Table 2) is more comprehensive and consists of analyzes of samples collected to study the systematic average variations in PGE concentrations throughout all the lithologies recovered at Sites 894 and 895 and so contains more analyses of PGE-poor lithologies such as gabbro from Site 894 and harzburgite from Site 895. The detection limits were approximately 2 ppb for set 1 (Table 1 ) and approximately 1.5 ppb for Pd, 1 ppb for Ru and Rh, 0.5 ppb for Os, and 0.2 ppb for Ir for set 2 (Table 2) . Table 3 compares the values of PGE in three samples measured by both laboratories. Both laboratories reported maximum values for Ru, Pd, and Pt in troctolite Sample 147-895D-7R-1 (Piece 8, (45) (46) (47) (48) (49) . The values in set 1 are greater than in set 2 but the data may not be directly comparable because they were obtained from two adjacent small slices of Sample 147-895D-7R-1 (Piece 8, 45-49 cm) and not from a homogenized powder from the whole piece. The two gabbro Samples 147-894G-11R-2 (Piece 14,133-137 cm) and 147-894G-13R-1 (Piece 7B, 42^8 cm) analyzed in duplicate give low but comparable values. Reference materials for low PGE concentrations are rare; a diluted form of the international standard SARM 7 was used for set 1. For set 2, a reference material from a German cruise was used. This consisted of a core (95-somme 60) of sediment derived from ultramafic rocks, recovered at 2°14.29'N, 1O1°32.88'W. A set of repeated PGE analyses of the reference material is given in Table 4 . The reference material was suitable for use as a standard for this study, with approximately similar PGE concentrations to the samples from Leg 147 of 3.6 ppb Ru, <l ppb Rh, 4.5 ppb Pd, <0.5 ppb Os, 1.7 ppb Ir, and 3.4 ppb Pt. Pathfinder elements, which are typically associated with the precious metals, were analyzed by wavelength-dispersive X-ray fluorescence (XRF) for set 1 and energy-dispersive XRF and INAA for set 2, using appropriate USGS reference powders and internal laboratory standards. The REE were measured by ICP-MS. The PGM were an- alyzed using a Cambridge 360 scanning electron microscope with an energy-dispersive Link system with reference to a cobalt standard.
The high resolution allowed analysis of PGM as small as 1 mm in their smallest diameter (Table 5) . Some of the analyses of the smaller PGM contain l%-2% Ni and Fe, which was most likely derived from the surrounding base-metal alloys where they are present in the same proportions as in these PGM (Table 5) . For PGM too small to be analyzed quantitatively, elements were identified using energy-dispersive X-ray spectra (Fig. 3) . The presence of oxygen in iron oxides was confirmed using a light-element EDS detector.
RESULTS

Chromite and Sulfide Distribution
Detailed observations of sulfides and chrome-spinel in the mafic/ ultramafic cores from Site 895 revealed specific concentrations of these minerals in certain lithologies (Figs. 1, 2) . Chromite is most abundant in dunites, as expected from a comparison of chromespinel concentrations in ophiolite complexes (Greenbaum, 1977; Neary and Brown, 1979; Roberts and Neary, 1993) . The most abundant concentrations of chromite occur in Hole 895E, which has the greatest proportion of dunite. Thin chromite layers are developed especially at the base of the thickest dunite, for example, in Sample 147-895E-7R-1 (Piece 3). Unexpectedly, chrome-spinel is also systematically concentrated in the troctolites. In contrast, chrome-spinel is much less abundant in both the harzburgites and the gabbros. Sulfides were observed in all the lithologies at Site 895 but are systematically enriched in troctolite. In a troctolite interval from Section 147-895D-7R-1 (Piece 7) through (Piece 16), the sulfide content increases upward in association with a similar increase in chrome-spinel. In addition, sulfides are concentrated sporadically with chromite in the dunite and commonly were observed in the harzburgite. Notes: g = gabbro, BS = basalt, tr = troctolite, hz = harzburgite, d = dunite. Zero = not detected, blank = not analyzed.
Platinum-Group-Element Concentrations
The greatest concentrations of PGE were found in both the troctolites and dunites. The two samples containing the most anomalous PGE concentrations are troctolites (data set 1, Table 1 ) with 106 and 99 ppb total PGE in Samples 147-895E-6R-1, (Piece 17, 90-92 cm) and 147-895D-7R-1, (Piece 8, 45^9 cm), respectively. The troctolite section from Section 147-895D-7R-1 (Piece 7 through Piece 16) has anomalous sulfide and chrome-spinel concentrations. The troctolite section contains one of the most anomalous PGE values in Sample 147-895D-7R-1 (Piece 8, 45-49 cm) and a lower but still anomalous value of 31 ppb total PGE in Sample 147-895D-7R-1, (Piece 12, (74) (75) (76) (77) (78) (79) . The more anomalous sample is from the uppermost part of the troctolite section and the sample with the lower value is from the center. Thus, it may be inferred that the PGE content increases upward in this section of troctolite in conjunction with the increases in sulfide and chrome-spinel. In addition to the troctolites, one sulfide-bearing, chromite-bearing dunite, Sample 147-895E-4R-1 (Piece 19, 131-134 cm), contained 96 ppb total PGE.
The relative proportions of the PGE can be examined using chondrite-normalized plots (Fig. 4) . PGE analyses with relatively more Os, Ir, and Ru than Pt and Pd have negatively sloping chondrite-normalized profiles that usually indicate a chromite association whereas Pt and Pd enrichment results in positively sloping chondrite-normalized profiles that commonly indicate a sulfide association. In Hess Deep, samples with the greatest PGE have slightly positive slope profiles. All the sulfur-bearing troctolites analyzed have positively sloping profiles and the most enriched sulfur-bearing dunite also has a positively sloping profile. Although troctolites from data set 2 (Table  2) and Sample 147-895C-4R-1 (Piece 6C, 129-133 cm) from data set 1 (Table 1 ) also have positive chondrite-normalized profiles, they show a slight positive anomaly at Ru. This may reflect a slight enrichment of Ru in the unusually large (typically approximately 1 cm in diameter) chrome-spinels common in these troctolites. Some of the dunites have slight Ru anomalies but they generally have variable chondrite-normalized profiles; with low PGE concentrations, small differences in the PGE values result in both slightly positive and slightly negative slope profiles. The chondrite-normalized profiles for the harzburgite, from both data sets, show a sigmoidal pattern with peaks at Ru and Pd.
The samples analyzed for PGE in data set 2 (Table 2) were also analyzed for sulfur (Puchelt et al.,this volume) . This enabled calculation of the PGE values in 100% of sulfide, which were plotted for harzburgite, dunite, and gabbro on chondrite-normalized profiles (Fig. 5 ). All three lithologies have slightly sigmoidal patterns with enrichment in Ru and Pd. These patterns are similar to those for whole-rock chondrite-normalized profiles for harzburgites, dunites, and gabbros that have low PGE concentrations. However, the abundance of PGE in the sulfide varies, and it is clear that the values for PGE in 100% of sulfide are slightly higher for harzburgite than for dunite or gabbro.
The common association of anomalous Pt and Pd with enriched base metals is confirmed in these samples. For example, the dunite with the most anomalous Pt and Pd values also has distinctly greater values of Ni, Cu, Zn, Co, and V compared to the other dunites and it also has the greatest value of Cr (Fig. 6 ). Coincidences of anomalous PGE and base metals in the troctolites are, in general, less apparent. This can be explained by the more complicated silicate mineralogy (dunites are virtually monomineralic whereas the troctolites contain varying quantities of olivine and the Ni content will be dependent on the quantity of olivine as well as the sulfide). Although the trend of increasing base metal and Cr element abundances upsection is not perfect in the troctolite Section 147-895D-7R-1 (Pieces 7 through 16), the greater values in the upper samples compared to the lower samples tend to confirm the observation made during core logging of an increasing abundance of sulfide and chrome-spinel toward the top of the troctolite. This coincides with increasing PGE values upward (Table 6 ). It should be noted that the geochemical data only partially support the shipboard observations and are of limited use because of (1) the incomplete sampling due to sampling restrictions and (2) the possibility of unrepresentative concentrations due to the coarse crystal size of the troctolite and small sample size homogenized for analysis. A more comprehensive analysis of the troctolite core section that would confirm or disprove these trends was not possible for this study owing to initial sampling restrictions on board. Notes: Numbers (l)-(9) correspond to labels in Figure 10 . Blank = not detected. The association of PGE with base metals also has been observed in the gabbros, where although the PGE concentrations are lower, Ni, Cu, and Cr increase with increasing Pt + Pd (Fig. 7) .
Rare Earth Elements and Platinum-Group Elements REE were analyzed for all the samples in data set 2 ( Table 2 ). The REE values for the ultramafic lithologies for Site 895 are characteristically small, commonly below detection. In the gabbro from Site 894, both REE and PGE values are sufficiently great for correlations to be sought (Table 7) . This reveals that (Pt + Pd>enriched and -depleted samples both show depletion in the light REE (LREE) relative to the heavy REE (HREE) but that the (Pt + Pd>enriched samples are more depleted in LREE (Fig. 8) . This is emphasized by a graph of Pt + Pd versus La + Ce, which shows a negative slope (Fig. 9) . In addition, (Pt + Pd>enriched gabbros are less enriched in both LREE and HREE than (Pt + Pd>poor gabbros, and (Pt + Pd>enriched gabbros have no Eu anomaly whereas the most (Pt + Pd)-poor gabbros have a slight negative anomaly.
Platinum-Group Minerals
Polished thin sections of the three samples with the greatest analyzed PGE values were examined for PGM. The minerals located are Pt-, Pd-, and Ir-bearing phases. They occur as composite grains up to 10 µm in diameter. In most cases, the PGM were of sufficient size to be analyzed quantitatively (Table 5) .
The troctolites were found to contain a variety of PGM. In Sample 147-895E-6R-1 (Piece 18), two composite PGM grains were observed. One PGM grain is situated in an irregular intergrowth of NiFe alloys altering to oxides and magnetite on the edge of an intergrowth of pentlandite and magnetite laths (Fig. 10A) . The cluster of sulfides, oxides, and PGM is surrounded by silicates now altered to serpentine. This composite PGM grain has an approximately rectangular shape with irregular or rounded edges and is 8 × 10 µm in diameter (Fig. 10B) . One edge is formed by a Pd-Sn-Cu alloy (Pd, 02 Sn, 06 Cu! 04 ). The center is composed of a Pt-Fe-Ni-Cu alloy and is separated from the Pd-Sn-Cu alloy by a Ni-Sn alloy. On another edge of the grain lies a cluster of Pt-bearing PGM of Cu-Pt-Au, PtNi-Cu, and Cu-Pt. The second composite grain is triangular in shape and 4 µm in diameter. It is enclosed by a Ni-Fe alloy surrounded on its edges by Ni-S, which is in a cluster of Ni-S, Ni-Fe alloys, native copper, and ferritchromit (Fig. IOC) . This composite PGM grain consists of a Ni-Pt-Fe alloy containing rounded grains of a very Pt-rich Ni-Fe-Cu alloy (Fig. 10D) . Both the PGM grains in this sample occur in alloy and sulfide clusters enclosed by serpentine, which replaces one large (approximately 1 cm in length) olivine crystal. These large olivines are characteristic of the troctolites.
In a thin section from Sample 147-895D-7R-1 (Piece 11, 71-74 cm), an isolated, 1-µm grain of a Pt-Cu mineral occurs very close to a pentlandite rimmed by magnetite. Another isolated grain, of AuCu, also occurs in this section (Fig. 3A) .
Troctolite Sample 147-895D-7R-1 (Piece 8, 45-49 cm), contains a composite grain of PGM enclosed in a rounded grain of pentlandite containing exsolution lamellae of chalcopyrite. These, in turn, are enclosed by a chrome-spinel grain surrounded by Plagioclase (Fig.  10E) . Within the sulfide the composite PGM grain is surrounded by a thin rim of pyrrhotite. The 2.5-µm rounded grain of PGM has on its edges a 1 × 0.5 µm mineral of Pd-Bi-Te and a 1 × 1 µm grain of Pt-S (Fig. 3B) , and the remainder is composed of a Pd-Pt-Bi-Te mineral of variable composition (Fig. 10F) .
The dunite Sample 147-895E-4R-1 (Piece 19, 131-134 cm) contains two adjacent, round, 0.5-µm grains of PGM near the edge of, but enclosed by, an isolated 10-mm Ni-Fe alloy, which is surrounded by chlorite (Fig. 10G) . These PGM are a Pd-Sn alloy and an Ir-Pt alloy with minor Pd, Sn, and Cu (Figs. 3C, 10H) . The similar composition of other Ni-Fe alloys in the section indicates that there is nothing unusual about the composition of the PGM-bearing Ni-Fe alloy.
DISCUSSION
Comparison with Ophiolites
Traditionally, ancient oceanic crust represented by ophiolite complexes was thought to be enriched only in the PGE Os, Ir, and Ru (Constantinides et al., 1980; Page and Talkington, 1984; Talkington et al., 1984; Stockman and Hlava, 1984; Augé, 1986; Legendre and Augé, 1986) . More recently, Pt and Pd have been observed in several ophiolite complexes, generally in association with sulfides and disseminated layers of chromite in thick dunite-rich sequences (Orberger et al, 1988; Ohnenstetter et al., 1991; Leblanc et al, 1991; Pedersen et al., 1993; Prichard and Lord, 1993 (Table 1 ) and (B) data set 2 (Table 2) . Dunites: (C) data set 1 (Table 1 ) and (D) data set 2 (Table 2) . Harzburgites: (E) data set 1 (Table 1 ) and (F) data set 2 (Table 2) . Values for chondrite are Os 514 ppb, Ir 540 ppb, Ru 690 ppb, Rh 200 ppb, Pt 1025 ppb, and Pd 545 ppb, taken from Naldrett and Duke (1980) . magmatic PGE values in the ultramafic parts of ophiolite complexes are in the order of 1-2 ppm Pt + Pd (Corrivaux and LaFlamme, 1990; Edwards, 1990; Ohnenstetter et al, 1991; Pedersen et al., 1993) . The PGE concentrations in the Hess Deep ultramafic lithologies also are associated with chrome-spinels and sulfides but are much less enriched. PGE concentrations have been rarely recorded in gabbroic lithologies in ophiolites, but in Oman and Cyprus Pt and Pd occur in gabbros at concentrations similar to those recorded in the troctolites in Hess Deep (i.e., 167 ppb Pt + Pd in Oman (Lachize et al., 1991) ; and 100 ppb in Cyprus (Prichard and Lord, 1990 ) and these PGE are associated with sulfides in a similar manner to those in the Hess Deep troctolite.
Therefore, although the maximum PGE concentrations in the Hess Deep samples are smaller than those observed in ophiolites, the association of Au minerals, base-metal sulfides, and Cr with PGE-enriched samples in Hess Deep is characteristic also of PGE concentrations in ophiolite complexes (Prichard et al., 1994) .
Retention of Platinum-Group Elements in the Mantle
PGE are thought to be associated with sulfides, and in a magma they are collected by an immiscible sulfide liquid (Naldrett, 1989) . Normally, the calculation of PGE in 100% of sulfide is made for igneous lithologies in which the percentage of sulfide differs from sample to sample so that, assuming that all PGE are collected by the immiscible sulfide, the calculation allows PGE concentrations to be compared for different samples formed at different stages of magma fractionation. For very low concentrations of sulfur, it has been debated whether the PGE reside completely in the sulfides and, therefore, whether a PGE concentration in 100% of sulfide is justified Table 1 ). The greatest values of Pt + Pd correspond with the greatest value of each pathfinder element. (Barnes et al., 1988) . However, if it is assumed that all PGE are concentrated with the sulfides in the Hess Deep samples, then it appears that the sulfide fraction of the harzburgite is more enriched in PGE than the sulfide fraction in the dunite or troctolite. Thus, although the harzburgite contains less sulfide than the dunite or troctolite, the sulfide is more PGE rich. This explains the lack of any occurrence of 1-to 2-ppm concentrations of PGE in the sulfide-and chrome-spinelbearing dunites from Hess Deep, as some of the PGE has remained in the mantle, resulting in a less PGE-rich magma. A note of caution is appropriate here, as more anomalous PGE concentrations could occur in lower crustal rocks from Hess Deep. In ophiolite complexes, PGE-enriched lithologies are characterized by discontinuous sulfide-bearing chromite-rich dunites adjacent to chromitite layers. Such layers were not sampled by drilling during Leg 147 but may occur because the drill core is probably not a comprehensive section of all Hess Deep lithologies. PGE-rich lithologies could be present, especially as the lithologies sampled are highly similar to those commonly associated with PGE-enriched lithologies in ophiolites.
Despite this uncertainty, the presence of higher amounts of PGE in 100% of sulfide in the harzburgite relative to the dunite, and the common presence of sulfides in the harzburgite, compared to ophiolitic harzburgites, is strong evidence that the Hess Deep harzburgite is unusual. This has wider implications for PGE concentrations in different types of oceanic crust (Fig. 11) . Theoretically, PGE, which are very refractory, should require high degrees of partial melting for extraction from the mantle. This may occur in subduction zones where water added to the system during subduction causes either greater partial melting or perhaps a second-stage partial melt from an already partially depleted mantle. Many ophiolite complexes are thought to form at supra-subduction zones (SSZ) and so the PGE concentrations in the magmatic ultramafic components of ophiolite complexes should be greater than those observed in Hess Deep, which has not been subjected to subduction. The key piece of evidence from the Hess Deep data that indicates that magmas generated at an SSZ may be rich in PGE is the discovery that the Hess Deep mantle is still fertile in PGE even after the extraction of a mid-oceanic-ridge melt. Thus, there is a source of PGE residing in oceanic mantle that can be released by further melting at a subduction zone.
Little is known about the differences in PGE concentrations between modern-day lower oceanic crust forming at fast-or slowspreading ridges, but greater melting, whether at fast-or slow-spreading ridges, may result in slightly more PGE-enriched sequences, such as at Hess Deep. However, these sequences are not likely to be as enriched as those found above subduction zones, where the degree of partial melting may be even greater. Pathfinder elements and platinum-group elements for the PGE-rich section of troctolite, Section 147-895D-7R-1 (Pieces 7 through 16) . Table 2) .
Fractionation of the Platinum-Group Elements
The troctolite Section 147-895D-7R-1 (Pieces 7 through 16) appears to show an increase of Ni, Cu, Mn, Zn, Cr, and PGE (expressed mineralogically as sulfides, chrome-spinel, and PGM) toward the top of the section. Inspection of the core reveals also that the troctolites become richer in mafic materials upward. The origin of the troctolite in the Hess Deep cores is controversial. Dick (this volume) argued that the mineralogy of the troctolite has formed or been moderated by in situ impregnation from the adjacent ultramafic rocks. He observed that the plagioclases in the troctolite have reversed zoning with sodic cores and Ca-rich rims. The Plagioclase in this troctolite Section 147-895D-7R-1 (Pieces 7 through 16) is too altered for zoning to be preserved. An alternative is that the troctolite formed by crystallization from a fractionated magma, which would be supported by fractionation trends. Impregnation might be expected to produce symmetrical characteristics across troctolite sections whereas fractionation would produce asymmetrical trends. This study neither supports the impregnation nor the fractionation hypothesis but may demonstrate a reverse fractionation trend.
Fractionation of the PGE is more clearly demonstrated by the variation in PGM composition in the dunites and troctolites. The distribution of individual PGE usually depends on the degree of fractionation. Os, Ir, and Ru have higher melting points than Pt and Pd and are concentrated in more primitive igneous lithologies (Barnes et al., 1988) . The only Ir-bearing PGM from Hess Deep was located in the dunite rather than the more evolved troctolite, which contains only Pt-and Pd-bearing PGM.
Platinum-Group Elements in Gabbros
Samples are rarely analyzed for both REE and PGE, as the PGE tend to be concentrated in more ultramafic lithologies and REE in more fractionated lithologies. This unusual data set of both analyses results from a combination of low analytical detection limits and the degree of fractionation of the Site 894 gabbros, in which both PGE and REE are slightly concentrated because the PGE are not quite depleted and the REE are just becoming enriched. The correlation of gabbros slightly enriched in Pt + Pd with HREE-and especially LREE-depleted patterns and the lack of a Eu anomaly suggests that these slightly (Pt + Pd)-enriched gabbros are less fractionated than the (Pt + Pd)-poor gabbros and have not undergone Plagioclase fractionation. This is consistent with the concentration of Pt + Pd in more primitive gabbros, as PGE are highly incompatible in magmas and consequently crystallize early.
Formation of the Platinum-Group Minerals
The association of PGE with base-metal sulfides indicates that the PGE were probably collected by an immiscible sulfide magma, a pro- Table 7 . REE analyses (ppm) for gabbros that were also analyzed for platinum-group elements (Table 2) Table 7 . B. Analyses 4, 5, 8-13, and 16 in Table 7 . esis is correct because the samples are altered. Although pentlandite and chalcopyrite are present, the dominant mineral assemblage is almost totally secondary, probably having formed during serpentinization (Dick, 1974; Ramdohr, 1967) . Thus, base metals are present as alloys such as Ni-Fe and pentlandite is commonly altered to Ni sulfides and magnetite. Native copper is common. Most of the PGM are also alloys and so are likely to represent secondary phases formed at the same time as the base-metal alloys. The close association of PGM with base-metal sulfides not only implies a magmatic origin but also necessitates alteration in situ, without significant mobilization of the PGE during the mineralogical transformation; thus the magmatic chondrite-normalized profiles are preserved. Of additional importance for the timing of serpentinization and alteration of the PGE mineralogy in ophiolite complexes is the fact that the Hess Deep samples have the alteration assemblage commonly observed in ophiolite complexes. This suggests that alteration can occur in the oceanic crust very soon (<l Ma) after its formation and prior to ophiolite obduction and emplacement. cess that has been suggested for the origin of PGE concentrations at Norü"sk (Genkin and Evstigneeva 1986; Czamanske et al., 1992) and Sudbury (Li et al., 1992) and in ophiolites (Prichard et al., 1994) . Whether the PGM (1) crystallized in solid solution with the sulfides as they were precipitated from the magma and subsequently were released from the sulfides to form discrete PGM during alteration of the sulfides perhaps during serpentinization or (2) crystallized directly as discrete PGM adjacent to the sulfides is uncertain and controversial. The arguments are summarized in Prichard et al. (1994) . In the Hess Deep samples, as elsewhere, it is difficult to determine which hypoth-
CONCLUSIONS
Despite the fact that the length of drill core obtained during Leg 147 was less than on most sedimentary legs, the variety of lithologies in continuous core section made possible the location of PGE concentrations and enabled specific PGE associations with lithologic sequences to be observed in a way that would have been impossible using dredged samples. The data show conclusively that PGE concentrations occur in fast-spreading unsubducted oceanic crust and that the mantle harzburgite remains partially fertile in PGE. The pres-ence and distribution between mantle and lower oceanic crust of the PGE concentrations at Hess Deep have major implications for the distribution of PGE in the Earth's oceanic crust and for the global PGE cycle. Although the PGE concentrations described are small, there are vast areas of oceanic crust and mantle produced and modified by mid-oceanic-ridge processes similar to those that formed the Hess Deep lithologies. Further research on the distribution of PGE in oceanic crust generated at different spreading centers, perhaps with different spreading rates, is necessary to determine how and to what extent the highly refractory chalcophile elements, such as the PGE, are extracted from the mantle and concentrated in the lower oceanic crust during varying degrees of partial melting. Figure 10A . The composite PGM grain (10 × 10 µm) is surrounded by Ni-Fe alloys (a) altering to oxides (o) and magnetite. The PGM are (1) Pd-Sn-Cu alloy, (2) Pt-Fe-Ni-Cu alloy, (3) Cu-Pt-Au alloy, and (4) Pt-Ni-Cu alloy; (5) is an Ni-Sn alloy. The numbers correspond to analyses in Table 5 . Scale bar = 5 µm. C. Composite PGM grain from Sample 147-895E-6R-1 (Piece 18) appears white enclosed by a Ni-Fe alloy (pale gray) and in a row of grains of ferritchromit (dark gray), all surrounded by silicates (black). Scale bar = 100 µm. D. Close-up of Figure IOC . The white composite PGM grain consists of a very Pt-rich Ni-Fe-Cu alloy (analyses 6 and 7, Table 5 ) surrounded by a pale gray Ni-Pt-Fe alloy (analysis 8, Table 5 ) and triangular-shaped (2.5 × 2.5 × 2.5 µm) PGM enclosed in a gray Ni-Fe alloy altered on the edges to Ni-S (dark gray), which is in turn surrounded by silicates (black). The numbers correspond to analyses in Table 5 . Scale bar = 10 µm. E. Composite grain in Sample 147-895D-7R-1 (Piece 8, 45^9 cm) of PGM appears white enclosed in a pale gray rounded grain of pentlandite (e) surrounded by gray chromite, which is surrounded by Plagioclase (black). Scale bar = 100 µm. F. Close-up of Figure 10E . The 4-µm PGM (white) contains Pd-Bi-Te (left) and Pt-S (right) on the edges of a very pale gray Pd-Pt-Bi-Te grain (analysis 9, Table 5 ). The PGM grain is surrounded by gray pentlandite containing dark gray exsolution lamellae of chalcopyrite. Adjacent to the PGM grain is an irregular halo of pyrrhotite (dark gray). Scale bar = 10 µm. G. Serpentinized dunite with stringers of magnetite (white) in Sample 147-895E-4R-1 (Piece 19, 131-134 cm) contains an isolated Ni-Fe alloy (a) containing PGM. Scale bar = 50 µm. H. Close-up of Figure 10G . Two adjacent, round, approximately 1-µm PGM grains (white) near the edge of the Ni-Fe alloy (a) surrounded by fibrous chlorite (dark gray). PGM are an Ir-Pt alloy (r) and a Pd-Sn alloy (s). Scale bar = 5 µm. Only partial extraction of PGE at MOR Figure 11 . Schematic representation of PGE concentrations in cumulates related to mantle depletion in mid-oceanic ridge (MOR) and supra-subduction zone settings.
